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Abstract
Seasonal reproduction is common in mammals. Whereas specific conditions triggering a seasonal response can only be 
identified in controlled experiments, large-scale comparisons of reproduction in natural habitats and zoos can advance 
knowledge for taxa unavailable for experimentation. We outline how such a comparison can identify species whose seasonal 
physiology is linked to photoperiodic triggers, and those whose perceived seasonality in the wild is the consequence of fluc-
tuating resources without a photoperiodic trigger. This concept groups species into those that do not change their aseasonal 
pattern between natural habitats and zoos because they are not constrained by resources in the wild, those that do not change 
a seasonal pattern between natural habitats and zoos because they are triggered by photoperiod irrespective of resources, 
and those that change from a more seasonal pattern in the natural habitat to an aseasonal pattern in zoos because the zoo 
environment alleviates resource limitations experienced in the wild. We explain how detailed comparisons of mating season 
timing in both environments can provide clues whether a specific daylength or a specific number of days after an equinox or 
solstice is the likely phototrigger for a taxon. We outline relationships between life history strategies and seasonality, with 
special focus on relative shortening of gestation periods in more seasonal mammals. Irrespective of whether such shortening 
results from the adaptive value of fitting a reproductive cycle within one seasonal cycle (minimizing ‘lost opportunity’), or 
from benefits deriving from separating birth and mating (to optimize resource use, or to reduce infanticide), reproductive 
seasonality may emerge as a relevant driver of life history acceleration. Comparisons of data from natural habitats and zoos 
will facilitate testing some of the resulting hypotheses.
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Introduction
Many mammals are subject to seasonal fluctuations in their 
environment. Seasonal changes affecting food availability 
and convective temperature loss determine the animal’s 
energy budget (Bronson 2009). Among the various adapta-
tions to these fluctuations, seasonal reproduction plays a 
central role (Bronson 1989; Bronson and Heideman 1994) 
to ensure the survival of the offspring and (lactating) 
mothers. Many crucial hormonal and genetic mechanisms 
linked to seasonal reproduction have been elucidated in 
selected species by detailed experimental investigations 
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(reviewed e.g. by Bronson 2009). But for a large-scale 
understanding of the phenomenon across mammalian spe-
cies and clades, where experimental work is logistically 
out of the question, comparative approaches are required. 
Publications reporting on such studies are, in our opinion, 
sometimes conceptually less stringent than those reporting 
on experimental work. While not offering a comprehensive 
review, it is our aim in the current contribution to provide 
a set of concepts that can be applied to, and partially also 
tested by, comparative studies, and that may add clarity to 
the approach to seasonal reproduction.
Reproductive seasonality has been studied from various 
angles—from that of the evolutionary ecologist, the physi-
ologist, the chronobiologist, or the molecular geneticist 
(Visser et al. 2010). We adopt the angle of comparative 
zoologists working with animals in zoos. We first offer 
a simple concept about distinguishing condition-thresh-
old-controlled reproduction and photoperiod-induced 
reproduction, touching on putative conditions in different 
natural habitats, stressing differences between regularity 
and predictability. We then address issues of what kinds 
of photoperiodic signals may be transduced as trigger for 
breeding activity. Finally, we discuss selected life history 
components that may be linked to seasonal reproduc-
tion. In all these sections, we particularly emphasize how 
using data from animals kept in zoos, when compared to 
reproduction in the natural habitats, can help in testing the 
resulting hypotheses.
Even though the following point may be well known 
to most readers, it may be prudent to remind us that when 
dealing with seasonal reproduction, the data most eas-
ily observed and used are that of births, although mating 
behavior might also be an option. Births are not controlled 
per se, and mammals have, with only a few exceptions, 
very limited capacity to accelerate or delay the in utero 
development speed of their embryos, or the birth of term 
offspring. Rather, it is the timing of breeding that deter-
mines, together with the species-specific gestation period 
(and, possibly, periods of delayed implantation), the date 
of birth. The ultimate cause for seasonal reproduction is 
most likely the timing of births in relation to favorable 
environmental conditions. Favorable condition ensures 
sufficient food resources for the lactating mothers and 
those newborns that ingest solid food, and thermic condi-
tions that support survival of the offspring. The proximate 
cause, however, cannot be a triggering of birth by any 
external or internal factors, but the triggering of mating. 
In other words, if one hypothesizes that a certain envi-
ronmental cue, for example, photoperiod, temperature, or 
humidity, controls the seasonality of reproduction, one has 
to explain the status of this cue at the time of, and how it 
might trigger, breeding activity.
Body condition‑threshold‑controlled 
reproduction
Bronson (2009) stated that in all animals, irrespective of 
whether they live in seasonal or non-seasonal environments, 
reproduction is controlled by body condition. Nevertheless, 
comparative approaches often conceptualize a dichotomy 
between photoperiod-controlled and condition-controlled 
seasonality, giving rise to the assumption that both are 
adaptations that evolved for seasonal reproduction (e.g., 
Brockman and van Schaik 2005; Ogutu et al. 2010). Fol-
lowing Bronson (2009), we argue that this dichotomy is 
not warranted. Rather, condition-control of reproduction is 
a fundamental, underlying physiological mechanism com-
mon to all mammals (with few exceptions, see below) (Celik 
et al. 2015; D’Occhio et al. 2019). Irrespective of the envi-
ronmental conditions, if body condition is below a certain 
threshold, conception (or maintenance of pregnancy) may 
be prevented. If the condition is above the threshold (but 
below the magnitude of pathological obesity), conception 
(or maintenance of pregnancy) is facilitated. The physiologi-
cal mechanism itself has no predictive power as to whether 
a favorable season will follow or not.
The condition-controlled threshold may be considered 
a general safety mechanism ensuring minimal condi-
tions (Owen-Smith 1988, p. 184), an ‘emergency break’ 
(Zerbe et al. 2012; Ogutu et al. 2015) or a ‘right now, we 
are fine—so let’s begin (or continue) and see what hap-
pens’—signal. So to speak, condition-controlled threshold 
mechanisms focus on the survival of the mothers as pre-
requisite to raise viable offspring. It protects the animal 
from making unwise investments, irrespective of whether 
the reasons for being below the permissive threshold are 
totally fortuitous, as in the case of disease, or regular, as 
in seasonally fluctuating environments. This mechanism 
will be the main determinant of reproductive biology, 
and, therefore, a focus of attention, in species that did not 
evolve dependence on a photoperiod zeitgeber.
In theory, mammals could differ in the magnitudes of 
body condition threshold that control reproduction, with 
some species requiring a comparatively higher body condi-
tion than others, e.g., in terms of the proportion of the body 
that must be represented by adipose tissue. To our knowl-
edge, no comparative investigation on the topic exists.
The condition-threshold mechanism will lead to differ-
ent reproductive patterns in different environments (Fig. 1).
Unconstrained environments
It is a reasonable assumption that the average zoo hus-
bandry regime will always provide animals with sufficient 
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energy resources, without imitating natural conditions by 
creating times of energy deficit. The question why few 
zoological institutions actively attempt to imitate natu-
ral conditions in this respect, even though this has been 
repeatedly advocated (e.g., Lechner-Doll et  al. 2000; 
Clauss et al. 2003), is not discussed here. To our knowl-
edge, the only reasonable objection to considering zoos 
as environments with a constant provision of sufficient 
resources and opportunities for reproduction is the case 
of large species, such as elephants or rhinoceroses, that 
share a peculiar set of characteristics: In these species, 
animals of opposite sex often cannot be kept together at 
all times due to their specific social structures; these spe-
cies cannot be kept outside for longer periods during the 
colder parts of the temperate zone winter; and they may 
require sufficient space for safe matings. In zoos of the 
temperate zone, the necessary space may not be available 
in indoor facilities, and therefore, matings may be artifi-
cially reduced during a certain time of the year. For this 
reason, these large species should receive special consid-
eration when assessing reproductive seasonality in zoos 
(Hufenus et al. 2018).
But given the assumption of unlimited resource provi-
sion in zoos, it is to be expected that more mammals show 
seasonal reproduction in natural habitats (where resource 
availability may be periodically limited so that body condi-
tion is below the reproduction-controlling threshold) than in 
zoos. Thus, the primary distinction between natural habitats 
is whether they never put the animal into a body condition 
below the reproduction-controlling threshold, or whether 
conditions below that threshold do occur (Fig. 1). The find-
ing that a species does not reproduce seasonally, either in 
the wild or in captivity, is not conclusive evidence that the 
natural environment offers unconstrained resources—for 
that, a thorough habitat evaluation would be required. How-
ever, such a finding provides parsimonious circumstantial 
evidence.
Constrained environments: irregular or regular?
While condition-controlled reproduction is ubiquitous, the 
question of whether it leads to a detectable pattern of sea-
sonal reproduction depends on whether the fluctuations lead-
ing to temporal conditions below the threshold are regular 
Fig. 1  Simplified decision tree of how environmental conditions 
in natural habitats differ between mammals of different degrees of 
reproductive seasonality, and how the reproduction of these mammals 
will generally appear under zoo conditions. Note that in this scheme, 
the body condition-threshold-related control of reproduction is always 
thought to be operative (with a potential exception in some, but not 
all, photoperiod-controlled mammals). Note that animals that do not 
differ in reproductive seasonality between their natural habitat and 
zoos (the so-called ‘non-changers’) appear on both extremes of the 
spectrum—those ‘non-changers’ that are non-seasonal in both habi-
tats, and those ‘non-changers’ that are seasonal in both habitats
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or not. Evidently, irregular fluctuations will affect breeding, 
but not in a pattern that is consistent over time and hence 
detectable as seasonality. In this way, environments with 
irregular resource fluctuations may resemble environments 
without resource fluctuations in the reproductive patterns 
of the animals living in them (Fig. 1). This mismatch may 
result in reduced survival of offspring when compared to 
environments with regular, predictable fluctuations. Alter-
natively, especially if the period of observation in the natural 
habitat does not span many annual cycles, these irregular 
fluctuations may stochastically lead to the impression of 
some reproductive seasonality, an impression that will not 
be similar in specimens kept in zoos. Important examples 
of strong, irregular fluctuations are the El Niño effect, or 
fruit mast years.
Environments with regular fluctuations, on the other 
hand, will lead to reproductive patterns of regular fluctua-
tions, with mating seasons at times where body condition 
allows conception, and birthing season after the time cor-
responding to the gestation period. In certain environments, 
the moment where a threshold condition is reached and con-
ceptions begin may represent the onset of a longer period 
of resource availability, such as in mast years or a general 
fruiting season (van Schaik and van Noordwijk 1985; Kan-
amori et al. 2010). And if gestation periods are of a duration 
that allow births in this same period, the condition-threshold 
mechanism might be interpreted to have evolved as a par-
ticular adaptation to habitat seasonality. But the fact that 
animals reacting to this mechanism are rather characterized 
by longer rather than shorter gestation periods (Heldstab 
et al. 2020) that would make coinciding of births in the same 
period more likely, speaks against this interpretation.
Regular, or in other words seasonal, patterns raise the 
question of how they are triggered, and how we can deter-
mine the trigger. Again, given the enormous logistical effort 
required for experimental work, the comparison with zoo 
animals comes in handy. If zoo specimens have a less dis-
tinct seasonal reproduction or are non-seasonal compared 
to free living ones, specimens in natural habitats can be 
assumed to respond to the condition-threshold mechanism. 
If zoo specimens show a similar seasonal reproduction in 
spite of the constant resource provision in zoos, then the 
conclusion that the species’ reproduction is triggered by 
an additional signal, particularly a photoperiodic one, is 
parsimonious.
These two possibilities, in turn, raise the question of what 
the decisive factor for each of them is.
Environments with regular fluctuations: 
unpredictable or predictable?
From an anthropocentric standpoint, making the distinction 
between predictable and unpredictable regularity may seem 
superfluous. For us, predictability is the ultimate test for call-
ing a pattern ‘regular’, and we use calendars or calendrical 
memory to detect regularity. Being unable to use calendars, 
however, animals have to rely on environmental cues that 
facilitate the prediction of seasons.
The most reliable regular environmental information is 
photoperiod. If environmental conditions are fluctuating 
regularly, and the environment also provides a regularly fluc-
tuating photoperiodic signal, then a photoperiod-dependent 
control mechanism for reproduction can evolve. The fact that 
the tilt of the earth’s rotational axis is responsible for both 
regular fluctuations in environmental temperatures and pho-
toperiod leads to a very high reliability of the photoperiodic 
signal. Species with photoperiod-controlled reproduction are 
likely to maintain their reproductive seasonality when kept 
in zoos at latitudes that provide detectable photoperiodic 
cues. This has been shown repeatedly in various mammal 
groups (demonstrated and reviewed in Zerbe et al. 2012; 
Heldstab et al. 2018, 2020).
But seasonal differences in photoperiod are not of simi-
lar distinctiveness across all habitats. In tropical habitats, 
especially close to the equator below latitudes of 11.75° 
(Bronson and Heideman 1994), seasonal differences in 
photoperiod are so slight that they are deemed unsuitable as 
seasonal clues. Nevertheless, environments in these regions 
may still be characterized by regular fluctuations, such as 
the alteration between rainy and dry seasons. These habitats 
are, from a human point of view, regular, but from an ani-
mal point of view, unpredictable. Unless the species living 
in these environments evolved at higher latitudes and have 
only occupied these tropical habitats more recently, possi-
bly still bearing remnants of a photoperiodic trigger from 
their historical habitats (Hufenus et al. 2018), we would not 
expect them to respond to photoperiodic cues but reproduce 
only under control of the condition-threshold mechanism. 
Hence, they should be less seasonal under constant resource 
provision in zoos.
Environments with predictable fluctuations: 
predictable temporal onset and additionally 
predictable resource magnitude?
When referring to the ‘predictability’ of an environment, it 
is crucial to define whether this predictability refers to the 
variation in the magnitude of resource availability between 
years, or the temporal onset of a change in resources. The 
onset of seasons may be very predictable, being linked to 
solstices and equinoxes. The magnitude of environmental 
change linked to the seasons, by contrast, may be less pre-
dictable, because photoperiodic cues alone cannot foretell 
whether a winter will be harsh or mild.
The concept of resource predictability has been applied 
in both meanings in investigations of seasonal reproduction. 
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For example, Blanco et al. (2015) determined a low pre-
dictability of the amount of seasonal resources available in 
Madagascar. Without making the distinction between the 
temporal predictability of seasons and the predictability of 
the magnitude of the seasonal resources, the concept that 
species with a photoperiod-controlled seasonal reproduction 
live in ‘highly unpredictable environments’ (Blanco et al. 
2015) appears self-contradictory. Madagascar, while located 
in the tropics, is home to a large number of highly seasonal 
species (Heldstab et al. 2020). Whether Madagascar, or any 
other particular habitat, is peculiar due to a higher regularity 
in the temporal onset of the seasonal change of resources 
than other tropical seasonal environments, remains to be 
documented in this context.
Depending on the characteristics of the natural habitat, 
different interactions between photoperiod and condition-
threshold control mechanisms may evolve. On the one 
hand, the condition-threshold mechanism may still prevent 
conception even though the photoperiod trigger may have 
initiated a general ‘permissive state’ for reproductive activ-
ity. This may play a role in natural environments where the 
availability of the seasonal resources may vary to a higher 
degree between different years, with a more restricted sea-
sonal reproduction than in zoos, where the full potential of 
the photoperiodically permissive period can be used.
On the other hand, if predictable regularity is high and 
seasonal resource availability is always sufficient for the spe-
cies in question, but conception takes place prior to resource 
acquisition for late pregnancy and lactation, species may 
evolve very low condition thresholds (Brockman and van 
Schaik 2005). In other words, some species may evolve to 
not use the condition-threshold mechanism due to the over-
ruling predictability of their environment (Fig. 1). The more 
stable the resource availability in the peak season of a pre-
dictable habitat, the more likely a seasonal species may be to 
lose, or evolve fewer, condition-threshold mechanisms. Such 
a reliability of resources may be more likely for smaller-
sized species with lower absolute requirements, as in the 
example of the mouse lemur (Microcebus spp.) (Brockman 
and van Schaik 2005).
Photoperiod‑controlled reproduction
The neuroendocrinological physiology underlying the trig-
gering of reproductive function by photoperiod has been 
well described (reviewed, e.g., by Bronson and Heideman 
1994; Bronson 2009). The general concept is that animals 
rely on endogenous rhythms or ‘timers’ that are on the one 
hand constantly adjusted by external, photoperiodic cues, 
and that on the other hand use specific photoperiodic sig-
nals as triggers (Prendergast 2005; Paul et al. 2008; Bron-
son 2009). In theory, as outlined by Bronson and Heideman 
(1994), these triggers can be of different kinds—an immedi-
ate release signal (as in: a certain photoperiodic cue triggers 
the initiation of activity) or an indirect release signal (as in: a 
certain photoperiodic cue sets off an internal timer that then 
‘counts down’ until the initiation of activity), or, in a similar 
manner, immediate or indirect cessation signals. Evidently, 
in animals that breed seasonally, not only an initiating but 
also a cessation signal is required. Often, this seems to be 
linked to an internal timer that induces ‘refractoriness’ to 
the triggering signal (Prendergast 2005; Paul et al. 2008; 
Bronson 2009). Given the variety of gestation periods (that 
necessitate photoperiodic signals at different times of the 
year to result in birth during the period of optimal condi-
tions), the multitude of potential photoperiodic cues, and 
possibly of the internal timers, a large number of detailed 
adaptations appear possible.
Animals with photoperiod-controlled reproduction are 
typically grouped into ‘short-day’ or ‘long-day’ breeders, 
depending on the tendency of the daylength change during 
their mating season (Hansen 1985). Most seasonally repro-
ducing animals have been defined in this way. However, 
what determines the exact timing of the onset of the mating 
season within these time periods (that each last half a year) 
is less well known. Experimental approaches are often set 
up to trigger reproductive activity by changing daylength 
and measuring the corresponding hormonal, behavioral and 
anatomical changes, but not to detect the exact natural pho-
toperiodic signal necessary for the triggering. Among the 
possible options, two stand out that should lead to clear-
cut signals when comparing the patterns of reproduction 
between natural habitats and zoos—if the zoos are located, 
individually or on average, at a latitude different from the 
natural habitat.
The beginning of the mating period might be deter-
mined by an internal clock that tracks the number of days 
after a certain specific event, such as a solstice or an equi-
nox (Fig. 2a). This is a situation that has been tentatively 
described for primates (Heldstab et al. 2020). Such a mecha-
nism has also been reported for domestic sheep (Robinson 
et al. 1985; Nicholls et al. 1989) and goats (Delgadillo et al. 
2011) exposed to different experimental light regimes.
Alternatively, the trigger of the mating period might be, 
after a general cueing of the daylength change (as, e.g., 
shown in roe deer Capreolus capreolus by Sempéré et al. 
1995), the absolute day length, which is—unless it coincides 
exactly with the equinox—reached at different latitudes at 
different Julian days of the year (Fig. 2b). This is a situ-
ation that has been tentatively described for nondomestic 
ruminants (Zerbe et al. 2012), in contrast to the findings 
in domestic small ruminants mentioned above. In this sce-
nario, the direction of day length change (i.e., days becoming 
shorter) ‘sets the stage’ of animals being generally receptive 
to the detailed triggering of the absolute day length.
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These previous analyses have been constrained by the fact 
that average latitudes were assumed for zoos, rather than 
analyzing zoo data separately by latitude of the holding 
institutions. The latter would be a valuable approach to fur-
ther characterize individual species’ photoperiodic physiol-
ogy. The failure to detect such a pattern, for example within 
the Carnivora (Heldstab et al. 2018), could be due to the 
fact that other, yet-to-be-considered photoperiodic trigger 
mechanisms exist in mammals, or that within the phyloge-
netic group investigated, a variety of mechanisms exist that 
result in no clear overall result. The fact that endogenous 
clock rhythms and timers exist in mammals that often, but 
not always, use photoperiodic cues for calibration, opens 
possibilities for a large variety of theoretical combinations 
of photoperiodic signal, endogenous clocks, and condition-
threshold mechanisms.
Other triggers for seasonal reproduction
Apart from photoperiodic cues, other triggers may exist, 
deriving from abiotic or biotic factors, such as humidity, 
social cues, or specific plant compounds (reviewed, e.g., by 
Paul et al. 2008). Such triggers are typically species specific. 
They have been specifically invoked in the forecasting of 
mast years and initiation of reproductive activity to time 
births with optimal resource conditions (reviewed in Tis-
sier et al. 2020). In theory, such triggers could be implied 
in situations where breeding in a zoo setting does not occur 
satisfactorily, seemingly lacking a specific cue. Such triggers 
are unlikely to explain large-scale, multi-species compara-
tive patterns between natural habitats and zoos, but may be 
important for specific species. Such signals might not only 
be relevant for primary consumers, but also possibly for 
secondary consumers. For example, while it is known that 
owls produce a higher number of surviving fledglings in 
mast years (Lithner and Jonsson 2002; Solonen 2005), this is 
typically explained by the higher availability of prey during 
these years. The senior author, however, made the observa-
tion that breeding pairs of Strix uralensis kept in aviaries of 
a reintroduction program, and provided with consistent care 
and feeding over years, produced more surviving offspring in 
mast years (D.W.H. Müller, personal observation).
In particular, because the condition-threshold mechanism 
will make animals in resource-limited habitats responsive to 
the onset of a ‘rainy season’ with increased resource avail-
ability, the conclusion that the species might have evolved a 
humidity cueing can be appealing. In the absence of experi-
mental testing of the hypothesis (e.g., by exposing animals 
at constant resource conditions to varying degrees of humid-
ity), a reaction to a condition-threshold mechanism rather 
than a humidity-cued triggering of reproductive activity 
appears the more parsimonious explanation.
Seasonal reproduction and life history
Seasonal reproduction has been linked to a variety of life 
history characteristics in mammals. Here, we first discuss 
seasonality in relation to potential misconceptions about 
‘income’ and ‘capital’ breeding strategies. Then, we com-
pare different concepts on the relationship between season-
ality and the complex of the related factors of body size, 
longevity and the pace of life history. Lastly, we expand 
on the observation that more seasonal eutherian mammals 
A B
Fig. 2  Possible scenarios for systematic changes of the beginning 
of the mating season within a species kept at different latitudes (for 
example, in zoos). The examples display short-day breeders (with 
a theoretical window for the initiation of mating in the second half 
of the year), but the principles apply to long-day breeders as well. a 
Within the respective half of the year, the absolute number of days 
(after the solstice, or after equinox) is the trigger, leading to system-
atic shifts of the day length at the onset of mating activity but to iden-
tical Julian days across latitudes. b Within the respective half of the 
year, the absolute daylength is the trigger, leading to systematic shifts 
in the Julian day of the onset of mating activity; the direction of the 
shift depends on the latitude of origin and zoo, and the position of the 
absolute daylength in relation to the equinox. A situation similar to a 
has been described in primates (Heldstab et al. 2020), and a situation 
similar to b in ruminants (Zerbe et al. 2012)
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apparently are characterized by comparatively short gesta-
tion periods for their body size.
Seasonality and the ‘income’ and ‘capital breeding’ 
dichotomy
The definition of a ‘capital breeder’ is ‘an organism that uses 
stored energy for reproduction’, as opposed to an ‘income 
breeder’ that ‘uses energy acquired during the reproductive 
period […] for reproduction’ (Stearns 1992, p. 221–2). In 
many mammals, both body stores and newly ingested food 
will be used during the reproductive period, making a clear 
distinction impossible for most species. Most mammals will 
continue feeding during peak pregnancy and lactation, and 
hence be ‘income breeders’ to some extent; many mammals 
will also lose some body mass during lactation, and hence 
also be ‘capital breeders’ to a certain extent. For a classifi-
cation of mammals on this continuum, the proportions of 
energy derived from stores built up prior to the reproductive 
period, and from food ingested during this period, would 
need to be assessed. During the lactation period, a compari-
son of the weight loss of the mother and the weight gain of 
the offspring might be a useful proxy. To our knowledge, 
no corresponding comparative, quantitative investigation in 
mammals exists.
For individual species comparisons, such as between 
muskoxen (Ovibos moschatus) as ‘more of a capital breeder’ 
and reindeer (Rangifer tarandus) as ‘more of an income 
breeder’, the graduality of the transition is evident (Kerby 
and Post 2013). Only in those species that experience such 
a distinct spatial separation between the location of birth 
and lactation on the one hand and their feeding grounds on 
the other, so that they fast completely during lactation (and 
possibly late gestation), can a truly ‘capital breeder’ strategy 
be assigned, e.g., in certain pinnipeds, ursids, or cetaceans.
Sometimes, the difference between photoperiod-con-
trolled and condition-threshold-controlled reproduction 
has been linked to the dichotomy developed in behavioral 
ecology between ‘capital’ and ‘income breeding’ (Brock-
man and van Schaik 2005; Janson and Verdolin 2005; Lee 
et al. 2017). However, we agree with Lewis and Kappeler 
(2005) and Stephens et al. (2009) that there is no direct link 
between these two dichotomies. This link should, therefore, 
be reconsidered, not because it would amount to equating 
distinct photoperiod-controlled seasonality with income 
breeding, but mainly due to the equating of an absence of 
photoperiod control with ‘capital breeding’. This is concep-
tually problematic because the body reserves necessary to 
surpass the condition threshold are not, in their magnitude, 
comparable to the ‘capital’ that would be required to support 
late gestation or lactation without additional resource intake. 
In particular, animals with multi-year reproductive cycles, 
such as orangutans (van Noordwijk et al. 2013), cannot be 
‘capital breeders’—they evidently will fuel requirements 
during these long periods much more by the respective 
income than by a priori body stores.
Rather than equating the terms ‘income’ and ‘capital 
breeding’ with the presence and absence of photoperiod 
control, the distinction is applied most fruitfully within 
species with photoperiodic control. For example, in pinni-
peds, which are highly seasonal breeders (Heldstab et al. 
2018), the two distinct breeder types, ‘income’ or ‘capital’, 
are defined with no reference to the degree of seasonality as 
such (Boyd 2000). Note that by definition, ‘capital breeders’ 
do not necessarily acquire their ‘capital’ prior to the deci-
sion to initiate reproduction, i.e., prior to conception—they 
acquire it prior to needing it, with the main requirement, in 
mammals, being in the lactation stage.
Assessing whether a mammal in an unpredictable envi-
ronment is a ‘capital’ or an ‘income’ breeder appears of 
lesser interest. In contrast to the general statement of Jöns-
son (1997), a mainly ‘capital breeding’ strategy appears of 
little value under unpredictable conditions for mammals, 
because the decision to initiate reproduction, i.e., to mate, 
is at least a gestation period away from the time when the 
capital is needed. True mammal ‘capital breeding’ in unpre-
dictable environments, i.e., where the animal cannot rely on 
the time between conception and birth to suffice for capital 
acquisition, would, hence, require the accumulation of stores 
that last long enough prior to mating. To delay breeding 
until such stores are built up, if that is even possible, appears 
to provide little advantage over a predominantly ‘income 
breeding’ strategy that continuously adjusts for current con-
ditions using the condition-threshold mechanism.
Seasonality, body size, longevity and lost 
opportunity
The special case of very small mammals
Bronson (1989, 2009) proposed a model that distinguished 
small mammals with a life expectancy of about half a 
year from larger mammals with life expectancies > 1 year. 
According to this model, larger mammal species should 
start becoming photoperiod-controlled at the lowest possi-
ble latitudes, and from the tropics of Cancer or Capricorn 
onwards should always have evolved photoperiod control. 
By contrast, very small mammal species with short lifes-
pans can comprise two phenotypes—one that is photore-
sponsive, and another that is not but that only depends on the 
condition-threshold mechanism. How many small mammals 
show these two phenotypes is, to our knowledge, unknown; 
however, Bronson (2009) suggested that it should occur in 
all species above a latitude of 40°. Additionally, photoperiod 
control starts at higher latitudes in smaller mammals (Bron-
son 1989, 2009). At the short time scales relevant for the 
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reproduction of these small species, favorable conditions 
may occur irrespective of the overarching annual cyclic-
ity. The reliance on both kinds of phenotypes, that in sum 
will use the predictably favorable seasonal conditions and 
additionally any spontaneously occurring favorable time 
windows, is, therefore, a valid evolutionary adaptation that 
ensures no opportunities are lost for the species. In zoos, 
such species should, hence, be generally less seasonal than 
in their natural habitats, even though photoperiod control is 
operative in certain individuals.
Is reproductive seasonality not adaptive in mammals 
with long lactation periods?
For larger mammals with comparatively slow life histo-
ries and long lactation periods spanning more than one 
year, including great apes (Gorilla, Pan, Pongo), giraffes 
(Giraffa camelopardalis) or elephants (Elephas, Loxo-
donta), van Noordwijk et al. (2013) argued that no specific 
timing of mating in relation to resource fluctuations should 
occur. They argue that the comparatively low additional 
food requirements of lactating mothers as compared to the 
non-lactating maintenance state would make the benefits of 
seasonal reproduction too low to outweigh the costs of lost 
breeding opportunity, suggesting that these species should 
rather be in a “permanent reproductive state”. This view 
might appear problematic for several reasons. (i) It focuses 
on absolute time lengths (> 1 year) rather than on the ques-
tion whether these long times are in synch or out of synch 
with an annual cycle (i.e., whether they are multiples of 
1 year or not). (ii) It focuses solely on the resources required 
by lactating mothers but not on effects of environmental con-
ditions on neonate survival. (iii) It would require that test 
cases of large mammals with long lactation periods that live 
or lived in temperate environments (such as Bactrian camels 
Camelus bactrianus in the Mongolian desert, or mammoths 
in the steppe–tundras of the northern hemisphere) show no 
evidence for seasonal reproduction.
(i) Kiltie (1984) explained that the disadvantage of having 
a fixed reproductive cycle out of synch with the annual cycle, 
in terms of ‘lost opportunity’ or time necessarily spent waiting 
before the next reproductive cycle, is higher for hypothetical 
species that just ‘barely miss’ the annual cycle (e.g., have a 
reproductive cycle of 13 or 25 months), but decreases con-
tinuously with the length of the cycle (e.g., the proportion of 
‘time lost’ due to a fixed, out-of-synch reproductive cycle is 
less with longer interbreeding intervals). Therefore, whether 
a species with a long lactation, and hence a long interbreed-
ing interval, would experience a disadvantage from evolving 
seasonality does not depend on how long the interbreeding 
interval is, but whether it is out of synch with the annual cycle. 
But irrespective of that question, any putative disadvantage 
would become less with increasing interbreeding interval.
(ii) Even if it were assumed that mothers of species with 
long lactations and long interbreeding intervals do not benefit 
from starting lactation in periods of optimal food availability, 
seasonally fluctuating environments might still influence neo-
nate survival. Environmental effects on neonate survival have 
been demonstrated in free-ranging giraffes (Lee et al. 2017), 
Asian elephants (Elephas maximus) (Mumby et al. 2013) and 
African elephants (Loxodonta africana) (Lee et al. 2011), 
making the concept feasible that timing births to optimal envi-
ronmental conditions may be beneficial even in these species. 
This factor might be even more relevant for species living in 
environments with more pronounced differences between sea-
sons than the examples mentioned above. For okapi (Okapia 
johnstoni), a non-seasonally reproducing ruminant with a ges-
tation period of more than 1 year, and a lactation period that 
rarely reaches 1 year (Bodmer and Rabb 1992), Müller et al. 
(2010) described a distinct seasonal neonate mortality in zoos, 
and modeled the consequence of restricting mating to avoid 
births in the two worst months of the year. In this example, 
population growth was not reduced by the ‘lost mating oppor-
tunity’ but, on the contrary, increased due to the reduction in 
neonate losses. At long interbirth intervals, gambling neonate 
survival (and hence the investment of a long gestation period) 
by non-seasonal births against mating opportunities may be 
especially relevant.
(iii) Bactrian camels have gestation periods of more than 
a year (Jones et al. 2009), and their lactation period is said to 
be up to 14–16 months (Peters and von den Driesch 1997), 
and they are considered seasonal long-day breeders (Skid-
more 2011). For elephants, Hufenus et al. (2018) discussed 
evidence for long-day breeding, suggesting that this might 
have been particularly relevant in the proboscideans’ previous 
distribution range that included subtropical to temperate envi-
ronments. Mammoths were exposed to seasonal fluctuations 
in their environment (e.g., Koch et al. 1989), and probably 
had lactation periods and reproductive cycles similar to extant 
elephants (Rountrey et al. 2007; El Adli 2018). A seasonal 
reproduction is the default assumption in the literature, and the 
available evidence for mating and birth seasons supports this 
assumption (Rountrey et al. 2007; Fisher 2009; Rountrey et al. 
2012; El Adli 2018). To date, there is no non-human mammal 
with a lactation period consistently longer than 1 year that lives 
in temperate environments, and hence, the hypothesis of van 
Noordwijk et al. (2013) cannot be tested conclusively.
Seasonality and gestation periods
Adjusting gestation to the annual cycle
Kiltie (1984, 1988), Owen-Smith (1988) and Owen-Smith 
and Ogutu (2013) explained the relevance of gestation 
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periods constraining the ability of mammals to success-
fully compete in seasonal environments. As outlined 
above, if gestation periods are so long that a reproductive 
cycle is longer than 1 year (but not exactly 2 or 3 years), 
either the next reproductive cycle cannot be timed opti-
mally in relation to the seasonal environment, leading to 
less favorable conditions for the offspring, or a certain 
period must be simply spent waiting for the next favorable 
time, resulting in ‘lost opportunity’ for reproduction. The 
focus on gestation period, rather than on a more compre-
hensive measure of a reproductive cycle, such as interbirth 
interval, in these considerations stems from the fact that 
gestation period is a stable, physiological characteristic, 
whereas reported interbirth intervals need not necessarily 
represent a species’ potential, but a mixed signal integrat-
ing the biotic and abiotic factors influencing the popula-
tion under observation (Sibly and Calow 1987; Ricklefs 
and Wikelski 2002). Additionally, gestation periods are 
particularly easily observed under conditions of human 
care, such as in zoos.
General relationships of long-day and short-day breed-
ing and gestation period length are depicted in Fig. 3a. For 
long-day breeders, gestation periods should be about mul-
tiples of 1 year (or distinctively less than 6 months), and 
for short-day breeders, gestation periods should be either 
about 0.5 or 1.5 years. We are not aware of any mammals 
that reproduce as seasonal short-day breeders with a 1.5-
year gestation period. For large long-day breeders, reduc-
ing gestation period length would allow mating to occur 
soon after birth, resulting in the same birth date in the 
next cycle (Fig. 3b). For small long-day breeders, reduc-
ing gestation period length below 3 months might allow 
two reproductive cycles within the same favorable period 
(Fig. 3c). Large short-day breeders must reduce gestation 
below 1 year; at decreasing gestation, they increase the 
difference between birth and the subsequent mating period 
(Fig. 3d). For small short-day breeders, where gestation 
periods are too short to allow a mating in a window of the 
short-day period with environmental conditions favorable 
for mating, a prolongation of the gestation period may 
be beneficial (Jabbour et al. 1997). Typically, this does 
not occur via a reduced development speed of the grow-
ing embryo, but either by delayed implantation (diapause) 
in many groups such as certain marsupials, xenarthrans, 
bats, insectivorans, shrews, carnivorans, rodents and roe 
deer (Orr and Zuk 2014; Renfree and Fenelon 2017), or 
by prolonged sperm storage after mating prior to ovula-
tion, as in certain bats (Racey and Entwistle 2000). To our 
knowledge, reasons why certain strategies appear limited 
to certain clades, e.g., why delayed implantation does not 
occur in primates such as the hibernating dwarf lemurs, 
even though delayed implantation is a conserved trait 
across mammals (Ptak et al. 2012), are unknown.
Seasonal reproduction as an accelerator of reproductive 
cycles
The gestation period length in mammals does not scale as 
steeply with body mass as previously thought (Hamilton 
et al. 2011), but is mainly influenced by phylogeny, and, 
hence, by not well-defined morphophysiological characteris-
tics of species (Clauss et al. 2014). Clauss et al. (2019) sug-
gested that species sharing the same niche should compete 
amongst each other by accelerating their pace of life, and 
showed that among extant eutherians, groups of a broadly 
similar niche that have comparatively shorter gestation peri-
ods are more speciose than those with comparatively longer 
ones. One possible mechanism for evolving shorter gestation 
periods may be via adaptations to seasonal reproduction. 
In ruminants, carnivorans and primates, relatively shorter 
gestation periods have been linked with a higher degree 
of reproductive seasonality (Zerbe et al. 2012; Heldstab 
et al. 2018, 2020). Similarly, Tökölyi et al. (2014) found 
that artiodactyls, carnivorans and rodents (but not bats or 
primates) have relatively shorter gestation periods in envi-
ronments with more distinct temperature seasonality. When 
assessing eutherian gestation periods not only against body 
mass and litter size (as a proxy for altriciality/precociality) 
but also absolute latitude, latitude has a significant negative 
effect on gestation period (Fig. 4). This was evident even 
after accounting for phylogenetic affiliation (Table 1). This 
means that the accelerating effect of latitude on gestation 
period occurs both within (Zerbe et al. 2012; Heldstab et al. 
2018, 2020) and across clades, but is particularly strong 
across clades, supporting the notion that clades with gener-
ally shorter gestation periods are more prominent at higher 
latitudes.
Terrestrial and marine mammalian giants can be used to 
illustrate these life history concepts linked to gestation. In 
spite of the traditional concept of linking life history meas-
ures, such as gestation, with body mass (with increasing 
gestation periods at increasing mass) (Hamilton et al. 2011), 
the gestation period of a 3000 kg elephant is, at 22 months 
(Lüders 2018), distinctively longer than that reported for a 
50,000 kg sperm whale (15 months) or that of a 100,000 kg 
blue whale (12 months) (Pomeroy 2011). Apparently, there 
are distinct clade-specific differences in measures like gesta-
tion period, such as between Afrotheria (including elephants) 
and Boroeutheria (including Cetartiodactyla) (Clauss et al. 
2014). Additionally, seasonality of the habitat is linked to 
life history, with shorter gestation periods typically found in 
more seasonally breeding species: The food base of sperm 
whales are squid, hunted in total darkness at depths (Goldbo-
gen et al. 2019) that most likely preclude an effect of season 
on prey population dynamics (Whitehead 1996; Best 1999). 
The food base of blue whales is krill with a highly seasonal 
bloom (Goldbogen et al. 2019). For a sperm whale, there 
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is no strong selective pressure to evolve a shorter gestation 
period. For a baleen whale, there should be strong selec-
tion to compress gestation to 1 year, so that the reproductive 
cycle is in synchrony with the annual cycle of prey avail-
ability (Lockyer 1984) and no reproductive opportunity is 
lost (Kiltie 1984, 1988). The shorter gestation period of the 
larger cetacean corresponds to this expectation. The lacta-
tion periods of the two whale species show the same pat-
tern (Oftedal 1997), with a much shorter lactation in baleen 
whales that facilitates a total interbirth interval of 2 years 
(Lockyer 1984). Thus, although the two whale species are by 
magnitudes larger than the afrotherian elephants, they have 
shorter gestation periods, and the larger yet more seasonal 
of the two has the even shorter gestation period among the 
whales. Note that the morphophysiological adaptations that 
facilitate the shorter gestation periods are unknown to date, 
in spite of their dramatic demographic consequences in the 
Darwinian competition for niche occupation. Nevertheless, 
Fig. 3  Hypothetical combinations of gestation periods and photoper-
iod-triggered seasonal reproduction in relation to ‘spring’ time win-
dows offering favorable conditions for neonate survival and resources 
(indicated by the box). a Typical combinations of long-day and 
short-day breeding in relation to a favorable birth period. b Long-day 
breeder giving birth in the subsequent year: benefit of shorter gesta-
tion periods. c Long-day breeder giving birth in the same year: ben-
efit of shorter gestation periods. d Short-day breeder giving birth in 
the subsequent season: increasing distance to previous birthing period 
by shortening gestation periods (in species whose ancestral gestation 
periods would have been longer, due to their body mass and phy-
logeny). e Short-day breeder giving birth in the subsequent season: 
increasing distance to birthing by increasing gestation period (in spe-
cies whose ancestral gestation periods would have been shorter, due 
to their body mass and phylogeny)
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both clade-specificity and seasonality appear linked to the 
pace of life history.
Keeping birth and mating separate
Following the concept of Kiltie (1984, 1988), it is easy to 
understand why a large mammal, such as a buffalo, should 
evolve a ‘shorter’ gestation period of less than a year. How-
ever, the concept of getting reproductive cycles in synch 
with the annual cycle does not explain why a lemur, with a 
gestation period expected from body mass alone that would 
already easily fit into the annual cycle, should also have a 
shorter-than-expected gestation (Heldstab et al. 2020). To 
explain this observation, additional reasons for a clear sepa-
ration of birthing and mating seasons need to be invoked. We 
are not aware of a comprehensive treatment of this question, 
and provide a non-exhaustive list of possible reasons.
In terms of resource allocation, rutting, mating and con-
ception might be more beneficially placed at a time when 
the animals have accreted body stores, which is not at the 
time of birth, but at the end of the vegetative season. Espe-
cially at the initiation of lactation, females of many species 
experience an intense energy turnover and may experience 
lactational amenorrhea (Lee 1987). Depending on the spe-
cies’ ability to accrete body stores, which is typically higher 
in larger animals (Lindstedt and Boyce 1985), it may be 
more favorable to time the mating season prior to the final 
reserve accretion of the annual cycle (as in roe deer Capreo-
lus capreolus, with a prolonged gestation due to delayed 
implantation) or afterwards (as in various caprids, with par-
ticularly short gestations), so that rutting and mating do not 
waste time that can be used for feeding during this period 
(Zerbe et al. 2012).
Due to the character of social interactions, the mating 
season may, on the one hand, be stressful or dangerous for 
females of certain species, and it is hence beneficial if it does 
not coincide with the time of raising a newborn. One exam-
ple is the increased mortality risk of female cervids kept in 
Fig. 4  Relationship between 
body-mass-controlled gestation 
length and absolute latitude 
in eutherian mammals. In the 
absence of a better proxy for the 
difference between precocial 
and altricial mammals, litter 
size was used, with black 
dots for mammals considered 
precocial with a litter size of 
about 1, and gray dots for mam-
mals considered altricial with 
larger litters. Data from Jones 
et al. (2009). For statistics, see 
Table 1
Table 1  Linear regression analysis (including 95% confidence inter-
vals, CI) according gestation period = (a), body mass (b), litter size 
(c), latitude (d) using log-transformed variables throughout in gener-
alized least squares (GLS) and phylogenetic generalized least squares 
(PGLS) in 1108 eutherian mammal species (data from Jones et  al. 
2009)
Statistics performed in R (R Core Team 2015) using packages nlme (Pinheiro et al. 2011) and caper (Orme et al. 2010), and the phylogenetic 
tree of Bininda-Emonds et al. (2008)
Statistical model GLS PGLS Max. likelihood λ: 0.99 (0.98–1.00)
Estimate 95% CI t p Estimate 95% CI t p
Intercept (a) 74 (68;81) 95.12 < 0.001 58 (46; 73) 33.57 < 0.001
Body mass [g] (b) 0.13 (0.12;0.13) 29.46 < 0.001 0.08 (0.07; 0.10) 11.85 < 0.001
Litter size [1:1; 2: > 1] (c) − 1.38 (− 1.46; − 1.30) − 33.31 < 0.001 − 0.16 (− 0.24; − 0.08) − 3.93 < 0.001
Absolute latitude [°] (d) − 0.098 (− 0.120; − 0.077) − 8.95 < 0.001 − 0.012 (− 0.021; − 0.002) − 2.34 0.019
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zoos during the rutting period (Carisch et al. 2017). On the 
other hand, the presence of a male in a mating period closely 
after birth may make the neonate susceptible to infanticide 
by the new sire (Hrdy 1979; van Schaik and Janson 2000). 
Infanticide has been reported particularly among social spe-
cies (Lukas and Huchard 2014), in primates and carnivorans, 
and also in sciurognath and muroid rodents (van Schaik 
2000b; Lukas and Huchard 2014). The risk of infanticide is 
related to the weaning status of the offspring, with animals 
not yet weaned under particular threat (van Schaik 2000a). 
Therefore, avoiding infanticide, by postponing mating until 
after weaning, may be an important driver of shorter ges-
tation periods in seasonal species. Infanticide occurs more 
frequently in non-seasonal species, where a male gains the 
advantage of a female becoming receptive immediately, 
rather than in seasonal species where the timing of the next 
mating period is fixed (Hrdy 1979; van Noordwijk and van 
Schaik 2000; Lukas and Huchard 2014).
Conclusions
Adaptations to environmental seasonality are not only 
important for the specific survival of a population in a cer-
tain environment, but also may be involved in the evolution 
of life history characteristics that determine a taxon’s pace 
of life. Comparative approaches cannot replace experimental 
investigations into the physiology and determinants of sea-
sonal organismal functions. However, comparative assays 
that include both specimens subjected to the conditions 
of their natural environment and specimens under close-
to-optimal resource provision under human care have the 
potential to facilitate characterisations of large numbers of 
species, and lead to taxon-specific insights. Potential future 
experiments on non-photoperiodic triggers of reproduction 
in specimens of permissive body condition, such as tempera-
ture, humidity or secondary plant compounds, might identify 
species with peculiar or additional triggering mechanisms. 
Nevertheless, the interpretative approach of considering the 
reproduction of all animals to be body condition-dependent 
and hence possibly limited by resource supply of a natu-
ral habitat, which is alleviated under human care, with the 
potential additional control of a photoperiodic trigger, is a 
parsimonious approach that can be applied to large com-
parative datasets. Additionally, the daily surveillance in zoos 
generates high-resolution data that allow more quantitative 
measures of seasonal reproduction than most observations 
in natural habitats (such as the birth peak breadth introduced 
by Zerbe et al. 2012), which again facilitate the testing of 
hypotheses on links between reproductive seasonality and 
other life history characteristics. Thus, reproductive season-
ality is an example of the original contribution of zoological 
gardens to the generation of biological knowledge beyond 
husbandry and management applications.
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